Abstract Epigenetic modifications have been proved to be a powerful way to activate silent gene clusters and lead to diverse secondary metabolites in fungi. Previously, inactivation of a histone H3 deacetylase in Calcarisporium arbuscula had led to pleiotropic activation and overexpression of more than 75% of the biosynthetic genes and isolation of ten compounds. Further investigation of the crude extract of C. arbuscula ΔhdaA strain resulted in the isolation of twelve new diterpenoids including three cassanes (1−3), one cleistanthane (4), six pimaranes (5−10), and two isopimaranes (11 and 12) along with two know cleistanthane analogues. Their structures were elucidated by extensive NMR spectroscopic data analysis. Compounds 2 and 4 showed potent inhibitory effects on the expression of MMP1 and MMP2 (matrix metalloproteinases family) in human breast cancer (MCF-7) cells.
Epigenetic modification in histone deacetylase deletion strain of Calcarisporium arbuscula leads to diverse diterpenoids Calcarisporium arbuscula, an endophytic fungus lives in the flesh of healthy fruit-bodies of mushrooms 1 , mainly produces the adenosine triphosphate synthase inhibitors aurovertins B and D, which structurally contain a 2,6-dioxabicyclo[3.2.1]-octane ring [2] [3] [4] . In our prior genome mining investigation 5 , genome sequencing of C. arbuscula revealed a large number of potential secondary metabolite gene clusters (68, of which 9 contain terpene synthases), which are significantly more than the two predominant metabolites aurovertins B and D, suggesting that most gene clusters are silent or lowly expressed in axenic cultures. Epigenetic modifications have been proved to be a powerful way to activate silent gene clusters in fungi [6] [7] [8] [9] [10] . Deletion of hdaA, which encodes a histone deacetylase (HDAC), has led to the globally pleiotropic activation and overexpression of more than 75% of the biosynthetic genes and the isolation of diverse ten compounds of which four possess new structures, including three tricyclic diterpenes and a novel meroterpenoid derived from the esterification between an anthraquinone and a cassane diterpene 5 . So far, diterpenoids have exhibited diverse structural features and a wide range of interesting biological activities 11, 12 , such as cytotoxic 13, 14 , antimicrobial 15, 16 , antiinflammatory 17 , and antiviral [18] [19] [20] properties, attracting more and more attention.
Careful analysis of the crude extract from the C. arbuscula ΔhdaA strain by UPLC-MS showed the presence of numerous minor ingredients that could not be identified due to sample limitations. To further explore the potential of the mutant strain ΔhdaA and ongoing search for diverse new bioactive natural products, we fermented in a larger scale using potato dextrose agar (PDA) culture. Subsequently, investigation of the PDA fermentation extract resulted in the isolation of twelve new diterpenoids including three cassanes (1-3), one cleistanthane (4), six pimaranes (5-10), and two isopimaranes (11 and 12) , together with two known cleistanthanes analogues (13 and 14, Fig. 1 ). Herein, details of the isolation, structure characterization, and bioactivities of 1-14 are reported. ). Its molecular formula was determined as C 20 Fig. 2 ) of 1 identified the C-1-C-3 moiety, the C-16-C-17 vinyl group, and the C-7/8/9/ 11/12 unit with the C-14-C-15 fragment attached to C-8. In the HMBC spectrum (Fig. 2 ) of 1, correlations from the olefinic proton H-16 to C-12, C-13, and C-14 indicated that C-13 was connected to C-12, C-14, and C-16, respectively, establishing a cyclohexene ring with a vinyl and a methyl groups located at C-13 and C-14, respectively. HMBC correlations from the methyl H 3 -20 to C-1, C-5, C-9, and C-10 led to the connections of C-1, C-5, C-9, and C-20 to C-10. The HMBC correlations of H 3 -18/C-3, C-4, C-5, and C-19 and H 2 -7/C-5 and C-6 located two hydroxy groups at C-3 and C-5, respectively, a carboxyl group at C-19, and a ketone group at C-6, establishing the tricyclic cassane type diterpene skeleton. Based on these data, the planar structure of 1 was established as shown in Fig. 1 which is closely resemble to sonomolide B 15 and hawaiinolide F 14 .
Results and discussion
Figure 1 Structures of compounds 1-14.
The relative configuration of 1 was deduced by analysis of NOESY spectrum. NOESY correlations (Fig. 3 ) of H 3 -20 with H-8 and H-2β (δ H 2.03) and of H-3 with H-2β indicated that these protons were in the β-orientation, whereas those of H 3 -15 with H-9 suggested the α-axial orientation of the methyl at C-14. NOESY cross peaks of OH-5 with H-9 and H 3 -18, indicating the α-orientation for OH-5 and Me-18. Thus, the relative configuration of 1, which was very similar as those of hawaiinolides F and G 14 , was established. The absolute configuration of 1 was determined by analysis of its CD spectrum. The negative Cotton effect observed at 320 nm in the CD spectrum (Fig. 4) is associated with the n→π* transition of the cyclohexanone chromophore 13, 21, 22 . On the basis of the octant rule for cyclohexanones, the 5 S absolute configuration was determined. Combining the established relative configuration, the absolute configuration of 1 was deduced to be 3 R, 4 S, 5 S, 8 S, 9 S, 10 R, 14 R. Therefore, 1 was determined as 3R, 5S-dihydroxy-6-oxo-14R-cassane-12, 16-dien-19-oic acid and named calcarisporic acid A. (Tables 1 and 2 ) of 2 with those of 1, signals due to an oxygenated methine were observed at δ H 4.04 (br s, H-6) and δ C 69.8 in the NMR spectra of 2, with the disappearance of the ketone carbon at δ C 211.7 (C-6) in 1. The HMBC correlations from the oxygenated methine proton at δ H 4.04 (br s, H-6) to C-4, C-5, C-7, C-8, and C-10, indicated the location of the hydroxyl group at C-6. According to NOESY correlations, the relative configuration of 2 was same as that of 1, except for the presence of correlation of H-6 with H 3 -18, which suggested the β-configuration of OH-6. Therefore, 2 was established as 3α, 5α, 6β-trihydroxy-15α-cassane-12, 16-dien-19-oic acid and named calcarisporic acid B.
The molecular formula of compound 3 was determine as C 20 (Tables 1 and 2 ) of 3 were similar to those of 2. The major difference was that signals for a methylene at δ C 27.8 (C-6), δ H 2.03 (td, J ¼ 13.8, 2.4 Hz, H-6a), and δ H 1.62 (m, H-6b) in 3 replaced resonances for an oxygenated methine at δ C 69.8 (C-6) and δ H 4.04 (br s, H-6) in 2, which were verified by HMBC correlations from H 2 -6 to C-5, C-7, C-8, and C-10. HMBC correlations from H-1 (δ H 3.57) to C-3, C-5, C-10, and C-20, suggested that C-1 was substituted by a hydroxy group. In addition, the relative configuration of 3 was deduced from NOESY correlations and by comparison to that of 2. NOESY correlations of H 3 -20 with H-1 and H-8 indicated the β-configuration of H-1, whereas those of OH-5 with H 3 -18, OH-1, and H-9, and of H 3 -15 with H-9 revealed that they were in the α-orientation. Thus, 3 was elucidated as 1α, 5α-dihydroxy-15α-cassane-12, 16-dien-19-oic acid and designated as calcarisporic acid C. (Fig. 2) of 4 revealed the C-6/7/8/9/ 11/12 unit with the C-14-C-16 fragment attached to C-8. HMBC correlations (Fig. 2 ) of H 2 -17/C-12, C-13, and C-14, and H-15/C-13, C-14, and C-8 confirmed that the olefinic methylene and vinyl group connected to C-13 and C-14, respectively, establishing a cyclohexane of C ring moiety with an exocyclic olefin at C-13/C-17 and a vinyl group attached to C-13 fused to the B ring unit at C-8/C9. Thus, the planar structure of 4 was established ( (Tables 1 and 3 ) revealed the presence of three tertiary methyls, six methylenes, two oxygenated methines, four sp 3 quaternary carbons with one oxygenated, four olefinic carbons accounting for a tetra-substituted olefin and a vinyl group, and a carboxylic carbon (δ C 178.7). Comparison of the NMR spectroscopic data of 5 with those of 2 suggested that 5 possessed the same A ring moiety as 2. Interpretation of the 1 H-1 H COSY NMR data ( Fig. 2 ) of 5 identified the C-6-C-7 moiety, the C-11-C-12 unit, and the C-15-C-16 vinyl group. HMBC correlations ( Fig. 2 ) from H-6 to C-4, C-5, and C-10 suggested that the Jian Bai et al.
C-6-C-7 moiety was attached to C-5. HMBC correlations from H-1, H 3 -20, and H-7 to C-9, and from H-6 and H-7 to C-8 suggested that the tetra-substituted olefin C-8 and C-9 were connected to C-7 and C-9, respectively, establishing a cyclohexene of B ring moiety fused to the A ring unit at C-5/C10. HMBC correlations from H-14 to C-7, C-8, and C-9, and from H-11 to C-8, C-9, and C-10 indicated that the oxygenated C-14 and C-11 were attached to C-8 and C-9, respectively. HMBC cross peaks from H 3 -17 to C-12, C-13, C-14, and C-15 led to the connections of C-12, C-14, C-15, and C-17 to C-13, establishing the C-8/C-9 fused cyclohexene of C ring unit with a methyl and a vinyl group both attached to C-13. Thus, the planar structure of 5 was established as shown in Fig. 1, a C NMR spectra (Tables 1 and 3 ) of 6 showed close resemblance to those of 5, except for the presence of an additional methoxy group [δ H 3.51 (3 H, s), δ C 62.0] relative to 5. It was observed that the resonance for C-14 was downfield-shifted from δ C 77.2 in 5 to δ C 88.5 in 6, and the protons of methoxy group showed HMBC correlation with C-14, which suggested that 6 was the 14-methoxy derivative of 5. The relative configuration of 6 was the same as that of 5 according to NOESY correlations. Therefore, 6 was elucidated as 3α,5α-dihydroxy-14β-methoxy-pimarane-8(9), 15-dien-19-oic acid and designated as calcarisporic acid F. (Tables 1 and 3 ) of 8 were closely similar to those of 7. The major differences were that an additional methoxy group was presented in 8, and the resonance for C-14 was downfield-shifted by 11.4 ppm in comparison with 7. This indicated that 8 was the 14-methoxy derivative of 7, which was verified by HMBC correlations from H-14 to the additional methoxy group (δ C 62.1), C-8, C-9, C-13, and C-15. The relative configuration of 8 was identical with that of 7 according to NOESY spectrum. (Tables 1 and 4 ) showed the presence of three tertiary methyls, seven methylenes, five sp 3 quaternary carbons with two oxygenated, four olefinic carbons accounting for a trisubstituted olefin and a vinyl group, and a carboxylic carbon (δ C 180.2). Comparison of the NMR spectroscopic data of 10 with those of 7 suggested that 10 possessed the same A ring unit as 7. Analysis of the 1 H-1 H COSY spectrum (Fig. 2) of 10 revealed the C-6-C-7 moiety, the C-11-C-12 unit, and the C-16-C-17 vinyl group. HMBC correlations (Fig. 2 ) from H 3 -20 to C-1, C-5, C-10, and an oxygenated quaternary carbon at C-9 (δ C 78.5) indicated that C-9 was connected to C-10. HMBC cross peaks from H 2 -6 to C-4, C-5, and C-10, and from H 2 -7 to C-8 (δ C 137.5), C-14 (δ C 132.8), and C-9 suggested that C-6 was attached to C-5, and the olefinic C-8 was connected to both C-7 and C-9, establishing a cyclohexane of B ring moiety with an exocyclic olefin at C-8/C-14 fused to the A ring unit at C-5/C10. Further HMBC correlations from H 2 -11 to C-8, C-9, and C-10 indicated that C-11 was connected to C-9. HMBC correlations from H 3 -17 to C-12, C-13, C-14, and C-15 (δ C 146.6) led to the connections of C-12, C-14, C-15, and C-17 to C-13, establishing the C-8/C-9 fused cyclohexene of C ring unit with a methyl and a vinyl group both attached to C-13. The relative configuration of 10 was similar as that of 7 according to NOESY correlations of H-11β (δ H 1.71) with H 3 -20 and H-15 and of H 3 -18 with H-3α (δ H 1.88), H-3β (δ H 1.52), and H-6α (δ H 1.92). Thus, 10 was established as 5α, 9α-dihydroxy-pimarane-8(14), 15-dien-19-oic acid and named calcarisporic acid J.
Compound 11 possessed the same molecular formula as 9, (Tables 1 and 4 ) of 11 closely resembled those of 9 except for minor differences in signals due to C-12, C-14, and C-17, suggesting that 11 was the C-13 and C-14 diastereomer of 9. This speculation was supported by NOESY experiment. NOESY cross peaks (Fig. 3) (14) , respectively, by comparing their NMR spectroscopic data with those reported in literatures.
It was worth mentioning that the pimarane and isopimarane type diterpenes (5−12) were isolated from the genus Calcarisporium for the first time. This discovery further supported the proposed pathway for the biosynthesis of these diterpenes (Scheme 1), where they could be synthesized from the same diterpene biosynthetic gene cluster, and the cassane and cleistanthane type diterpenoids both derived from the (iso) pimaranes, in which migration of either the C-13 methyl or vinyl group to C-14 led to the cassane or cleistanthane type diterpenoids 5, 24, 25 . Subsequently, three types of diterpenoids skeleton were heavily oxidized to form the characteristic diterpenoids above, encouraging us to search more diverse structures in this mutant strain.
Cytotoxic activities of compounds 1-14 were evaluated against two human cancer cell lines (MCF-7 and HepG-2) in the MTT assay, with taxol as a positive control (IC 50 5 .070.6, 3.570.4 nmol/L, respectively). None of them exhibited significant activities in the concentration range of 10
The matrix metalloproteinases (MMPs) family can degrade various protein components in the extracellular matrix and plays a key role in tumor invasion and metastasis 26, 27 . Therefore, we tested the inhibitory effects of the isolated compounds on the expression of MMP1 and MMP2 in human breast cancer (MCF-7) cells by Western blot assay. Due to the sample limitation, compounds 2, 4, 6, and 7 were evaluated for this inhibitory activity firstly. Experimental results (Fig. 5 ) indicated that the four tested compounds had no significant inhibitory effects on the viability of MCF-7 cells, but the expression level of MMP1 and MMP2 could be affected obviously. Western blot showed that both 2 and 4 could reduce MMP2 expression significantly at 200 μmol/L for 24 h with significant difference from that in DMSO control group. Meanwhile, 4 could also reduce MMP1 expression significantly. This indicated that the activities of 2 and 4 may be associated with expression inhibition of MMP proteinases family, and although 2 and 4 exhibited no cytotoxicities against tested tumor cell lines, they could function in suppressing tumor invasion and metastasis and possesses potential antitumor value. Comparing the structure of 4 with that of 2, the major difference was that a vinyl group at C-14 in 4 and a methyl group at C-14 in 2 were observed. Both 4 and 2 possessed an unsaturated unit connected to C-13. These suggested that the vinyl group attached to C-14 contributed as a functional group and the substituted group at C-14 may play an important role in the inhibitory effect on the expression level of MMP1 and MMP2. In addition, compounds 1-14 were assessed for their antiinflammatory inhibitory activities against the lipopolysaccharide (LPS)-induced NO production in murine microglial BV2 cells as well as their antioxidant activities against rat liver microsomal lipid peroxidation induced by Fe 2þ -cystine in vitro. All compounds were inactive for anti-inflammatory and antioxidant activities at the concentrations of 10 -5 and 10 -4 mol/L, respectively.
Conclusions
Twelve new diterpenoids, calcarisporic acids A-L, including three cassanes (1−3), one cleistanthane (4), six pimaranes (5-10), and two isopimaranes (11 and 12) along with two know cleistanthanes analogues (13 and 14), were isolated from the mutant strain ΔhdaA of Calcarisporium arbuscula, in which an encoding histone deacetylase gene (and hdaA) was deleted. Compounds 5-12 are the first examples of pimarane and isopimarane type diterpenes isolated from the genus Calcarisporium. In addition, the inhibitory effects of four compounds (2, 4, 6 and 7) on the expression of MMP1 and MMP2 in MCF-7 cells were evaluated. Compounds 2 and 4 significantly inhibited the expression level of MMP1 and MMP2, and are promising as a potential anti-metastatic agent for the treatment of human breast cancer. Our results further present the potential of genome miningguided discovery of bioactive natural products in fungi.
Experimental

General experimental procedures
Optical rotations were measured on an Autopol IV automatic polarimeter (Rudolph Research Co.). UV spectra were measured on a JASCO V650 spectrophotometer. CD spectra were measured on a JASCO J-815 spectrometer. IR spectra were recorded on a Nicolet 5700 FT-IR spectrometer using a FT-IR microscope transmission method. NMR spectra were recorded at 600 or 500 MHz for 1 H NMR and 150 or 125 MHz for 13 C NMR, respectively, on a Bruker AVIIIHD 600 (Bruker Corp., Karlsruhe, Germany) or a VNS-600 or an Inova 500 instrument (Varian Associates Inc., Palo Alto, CA, USA) in CD 3 OD or DMSO-d 6 with solvent peaks used as references at 25°C. ESI-MS and analytical HPLC were performed on a Waters ACQUITY H-Class UPLC-MS with QDA mass detector (ACQUITY UPLC® BEH, 1.7 μm, 50 mm × 2.1 mm, C18 column) using positive and negative mode electrospray ionization. HR-ESI-MS data were taken on an Agilent 6520 Accurate-Mass Q-TOF LC/MS spectrometer (Agilent Technologies, Ltd., Santa Clara, CA, USA). Semi-preparative HPLC was performed on a LabAlliance Series III pump equipped with a LabAlliance model 201 UV detector, using YMC-Pack ODS-A column (250 mm × 10 mm, 5μm). Column chromatography (CC) was carried out on silica gel (200-300 mesh, Qingdao Marine Chemical Inc., Qingdao, China), Sephadex LH-20 (Pharmacia Biotech AB, Uppsala, Sweden), or reversed phase C18 silica gel (50 µm, YMC, Kyoto, Japan). TLC was carried out on glass precoated silica gel GF 254 plates (Qingdao Marine Chemical Co., Ltd., China). Spots were visualized under UV light or by spraying with 10% H 2 SO 4 in 95% EtOH followed by heating.
Fungal material
Fungus Calcarisporium arbuscula NRRL 3705 (ATCC 
Extraction and isolation
The fermented material was extracted repeatedly with EtOAc (3 × 5.0 L), and the organic solvent was evaporated to dryness under vacuum to afford the crude extract (14.2 g), which was partitioned between MeOH and hexane. The MeOH fraction (13.5 g) was evaporated to dryness under vacuum, and separated by reversed phase C18 silica gel vacuum liquid chromatography with a gradient of MeOH (20%-100%) in H 2 O to give eleven fractions (F1−F11). 
Cytotoxicity assay
Compounds 1-14 were tested for cytotoxic activities against MCF-7 (human breast cancer) and HepG-2 (human liver cancer) cell lines by the MTT method, as described in the literature 28 .
Inhibitory effects on the expression of MMP1 and MMP2 in MCF-7 cells
Compounds 2, 4, 6, and 7 were tested for the inhibitory effects on the expression of MMP1 and MMP2 in human breast carcinoma cell line MCF-7 by Western blot. MCF-7 cells was purchased from Cell Bank of Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Science, and was cultured in DMEM medium (Gibco, Invitrogen Corporation) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL benzyl penicillin G, and 100 mg/L streptomycin under a humidified atmosphere of 5% CO 2 at 37°C for 24 h. MCF-7 cells were treated with different test compounds at 200 μmol/L or DMSO as control for 24 h. Then, cells were collected and lysed. The lysates were clarified by 12,000 × g centrifugation at 4°C for 30 min. Total proteins were quantified with a microplate spectrophotometer using the bicinchoninic acid assay (BCA assay). Then equal amount of proteins were separated by SDS-polyacrylamide gel (SDS-PAGE) and transferred onto PVDF membranes (Millipore, Bedford, MA, USA). The blots were incubated with primary antibodies overnight at 4°C, followed by second antibodies at the room temperature for 0.5 h. Immunoreactive protein bands were detected by the ECL detection system (Amersham Bioscience, Piscataway, NJ, USA).
Anti-inflammatory activity assay
Compounds 1-14 were assessed for their anti-inflammatory inhibitory activities against the lipopolysaccharide (LPS) induced NO production in murine microglial BV2 cell line using the Griess method, as described in the literature 29 . Curcumin was used as the positive control (inhibitory rate 66.072.5% at 10 -5 mol/L).
Antioxidant assay
Compounds 1-14 were assessed for their antioxidant activities against rat liver microsomal lipid peroxidation induced by Fe 2þ -cystine in vitro, as described in the literature 30 . Curcumin was used as the positive control (inhibitory rate 95.073.5% at 10 -4 mol/L).
